Background
==========

Marine organisms produce many novel compounds with various biological activities \[[@B1],[@B2]\]. Until recently, much of the research has focused on compounds from marine invertebrates, bacteria, cyanobacteria and dinoflagelates, but interesting compounds have also been isolated from marine fungi \[[@B3],[@B4]\]. During product discovery, these compounds are generally identified as extracts from strains growing in non-agitated conditions, which are convenient for large scale product discovery, but not well suited for scaling up \[[@B5]-[@B7]\].

A strain of *Scopulariopsis brevicaulis* (LF580) which was isolated from a marine sponge was shown to produce an interesting cyclodepsipeptide, scopularide A \[[@B8]\]. Scopularide A consists of five amino acids (glycine, L-phenylalanine, L-alanine, L-valine and D-leucine) and hydroxymethyldecanoic acid. It inhibited the growth of both pancreatic and colon tumor cell lines \[[@B8]\] and may be of interest for further studies. Yu et al. \[[@B8]\] grew *S. brevicaulis* in complex medium (Yeast Malt Peptone, YMP, with 30 g L^-1^ NaCl) containing 10 g L^-1^ glucose and 3 g L^-1^ malt extract as the primary carbon sources, for 14 days to produce 7 mg L^-1^ scopularide A (approximately 0.02 mg L^-1^ h^-1^) in non-agitated cultivation conditions (static flasks). Neither the conditions of production nor the biosynthetic pathway were investigated.

*S. brevicaulis* (teleomorph *Microascus brevicaulis*, formerly *Penicillium brevicaule*) is commonly isolated from soil environments. Soil isolates have been used to volatilize arsenic and to methylate antimony \[[@B9]\], and to produce keratinase for degradation of feathers \[[@B10]\] or methioninase, an enzyme with potential medicinal application \[[@B11]\]. *S. brevicaulis* has been isolated as an opportunistic human pathogen, causing infections of skin or nails. Some strains have been isolated from high salt environments or shown to tolerate high concentrations of salt \[[@B12],[@B13]\]. It has not often been reported from marine environments \[[@B14]\], nor have there been reports of scopularide production from other isolates, probably because they have not been assessed.

In this paper we demonstrate that scopularide A is produced by *S. brevicaulis* LF580 in stirred tank bioreactors (STRs) and describe the growth and scopularide A production of *Scopulariopsis brevicaulis* LF580 in STRs from 500 mL to 10 L scale.

Results and discussion
======================

Scopularide A was produced in agitated conditions
-------------------------------------------------

Scopularides were produced in shaken flasks in the YMP medium described by \[[@B8]\], but production was variable: varying from 2 to 25 mg L^-1^ scopularide A. Shaken flasks contained relatively large volumes of culture (up to 50%) and were agitated under mild conditions, as a first step in the transition from static to agitated cultivation. Thus shaken flasks would have generally been oxygen limited, with variable hyphal morphology, both of which probably contributed to the high degree of variation observed in scopularide A production. However, the range observed indicated that scopularides could also be produced in STRs.

In STR, 29 ± 3 mg L^-1^ scopularide A (mean ± standard error of the mean (sem); \~2.4 mg \[g biomass\]^-1^) were produced after 90 h cultivation (Table [1](#T1){ref-type="table"}). Both volumetric and specific scopularide A concentrations were improved, relative to the production in static flasks (Table [1](#T1){ref-type="table"}) and production was more consistent than in shaken flasks. Similar results were obtained in bioreactors in both labs (i.e. at two independent locations) with reactors varying in size from 0.5 to 10 L scale. This improvement in scopularide A production in agitated conditions suggested that adequate air supply was important for scopularide A production, as was confirmed with an oxygen-limited bioreactor (10 mg scopularide A L^-1^, 0.7 mg \[g biomass\]^-1^, Table [1](#T1){ref-type="table"}) in which scopularide A production was comparable to that observed in the static flasks.

###### 

**Biomass and maximal scopularide A production by*S. brevicaulis*LF580 in bioreactor cultivations**

  **Condition**                   **Glucose(g L**^**-1**^**)**   **C/N(g g**^**-1**^**)**   **Biomass(g L**^**-1**^**)**   **Scopularide A(mg L**^**-1**^**)**^**†**^   **Time (h)**
  ------------------------------ ------------------------------ -------------------------- ------------------------------ -------------------------------------------- --------------
  Static flask - YMP \[[@B8]\]                 10                           10                                                                 7                           \~336
  O~2~-limited batch-YMP^††^                   11                           10                           11                                    10                            90
  Batch -- YMP                                 11                           10                         11 ± 1                                29 ± 3                          90
  N-limited batch-YMP                          21                           15                         12 ± 1                                  8                             74
  Batch -- YMP                                 20                           11                         15 ± 2                                58 ± 4                          90
  Batch or fed-batch-YMP                       44                           10                         25 ± 1                               142 ± 20                        167
  Batch or fed-batch-YMP                       61                           10                         33 ± 1                               202 ± 58                        165
  Batch -- CSS                                 17                           7                            12                                    44                            90
  Batch -- defined, glucose                    17                           9                            12                                    41                            87
  Batch -- defined, glucose                    40                           9                          24 ± 6                                44 ± 7                         100
  Batch -- defined, xylose                     40                           9                          25 ± 1                                54 ± 2                         100

*S. brevicaulis* LF580 was grown in YMP, CSS or defined medium (and 30 g Sea Salt L^-1^) in batch or fed-batch culture at 28°C. Scopularide A was extracted from the mycelia at the times indicated. C/N values are estimated, as indicated in the methods. Average values are given, with ± sem for scopularide A and biomass, for cultivations which were carried out in replicate (n = 2 to 5). Published data from static flasks \[[@B8]\] is provided for comparison.

^†^Determined from total dry biomass, volume of culture remaining and specific scopularide A content of the biomass (see Figure [1](#F1){ref-type="fig"}).

^††^O~2~-limited culture agitated at 300 rpm, with 0.6 vvm air.

The medium supported a maximum specific growth rate of 0.25 ± 0.01 h^-1^ and the production of 11.3 ± 1 g biomass L^-1^ (yield \~0.83 g biomass \[g carbohydrate\]^-1^, assuming that malt extract contained 63% available carbohydrate).

Nitrogen-limitation limited scopularide A production
----------------------------------------------------

Scopularide A was primarily retained in the hyphae, with only 7 ± 1% of the total being extractable from the culture supernatant at the end of various cultivations. Scopularide A production might therefore be improved by increasing the amount of biomass produced, provided that sufficient oxygen is available, as in STRs.

When *S. brevicaulis* LF580 was grown in YMP medium with 20 g glucose L^-1^ without addition of (NH~4~)~2~SO~4~ scopularide A production was reduced to 8.1 mg L^-1^ (Table [1](#T1){ref-type="table"}, 0.62 mg scopularide A \[g biomass\]^-1^). The mycelia grew exponentially at μ = 0.24 h^-1^ during the first 14 h, but then entered a prolonged deceleration phase, even though more than 14 g L^-1^ glucose still remained. YMP is a weak complex medium which contains approximately 0.76 g L^-1^ amino nitrogen, which is not necessarily all available to an organism, depending on its ability to hydrolyse all peptide bonds. When additional nitrogen (0.75 g (NH~4~)~2~SO~4~ L^-1^) was added to the culture at 47 h, CO~2~ production immediately increased and the remaining glucose was rapidly consumed, indicating that the culture had been nitrogen limited. Nitrogen limitation would be expected to reduce scopularide production, since nitrogen needed for biomass production would no longer be available for synthesis of non-essential metabolites and nitrogen incorporated into scopularides could be recycled for more important cellular processes. Addition of 1 g L^-1^ (NH~4~)~2~SO~4~ (0.21 g N) to YMP with 20 g L^-1^ glucose was sufficient to improve scopularide A production (58 mg L^-1^, 3.6 mg \[g biomass\]^-1^). We concluded that the carbon nitrogen ratio (C/N, g g^-1^) should be ≤ 11 for good scopularide A production.

Production of scopularide A in complex and defined medium with high biomass concentrations
------------------------------------------------------------------------------------------

*S. brevicaulis* LF580 was grown in batch and/or fed-batch cultures with 20-60 g glucose L^-1^ in YMP medium supplemented with (NH~4~)~2~SO~4~. Fed-batch cultures were used to avoid oxygen limitation and glucose repression at high glucose concentrations, before it became apparent that scopularide A was being produced during growth, even in the presence of glucose (Figure [1](#F1){ref-type="fig"}). Oxygen limitation did not occur in any culture, since agitation speed was automatically adjusted to maintain dissolved oxygen at levels ≥ 30%. Specific scopularide A production was similar in batch and fed-batch cultivations, as was the final concentration of scopularide A (Figure [1](#F1){ref-type="fig"}) and amount of biomass produced (25 ± 2 and 25 ± 2 g biomass L^-1^, for batch and fed-batch cultures supplied with 44 g L^-1^ glucose, respectively, and 31 ± 1 and 36 g biomass L^-1^, when provided 61 g L^-1^ glucose).

![**Comparison of batch (solid circle) and fed-batch (open square) cultures of*S. brevicaulis*LF580.** Cultures were provided a final total of \~44 g L^-1^ glucose and were grown in YMP medium supplemented with (NH~4~)~2~SO~4~ (Table [1](#T1){ref-type="table"}) and 30 g L^-1^ marine salt, as described in the methods. Cultures were agitated at 400-600 rpm to maintain DOT ≥ 30%. Arrows indicate the time at which medium started to be fed to the fed-batch cultures. Error bars represent ± sem for n = 3 (batch) and n = 2 (fed-batch) cultures.](1475-2859-13-89-1){#F1}

The supply of glucose in fed-batch cultures did limit biomass production in the \~44 g L^-1^ glucose cultures (Figure [1](#F1){ref-type="fig"}), resulting in generally higher biomass and scopularide A concentrations in batch than in fed-batch cultures between 40 and 140 h. Since some scopularide A was also produced during the stationary phase of batch cultures, volumetric production rates were similar in both (e.g. 1.1 ± 0.3 and 1.0 ± 0.1 mg L^-1^ h^-1^, in batch and fed-batch cultures with \~44 g L^-1^ glucose, respectively). The slow initial biomass production in fed-batch cultures could be improved with a more optimal feeding profile, but no optimisation was undertaken, since fed-batch did not provide clear benefits. Since results were similar in batch and fed-batch cultures, final production data from the two methods have been combined (Table [1](#T1){ref-type="table"}, Figure [2](#F2){ref-type="fig"}).

![**Effect of glucose concentration on specific scopularide A production and the volumetric production rate.** Specific scopularide A production and volumetric production rate at time of maximal production (see Table [1](#T1){ref-type="table"}). *S. brevicaulis* LF580 was grown in YMP (and 30 g Sea Salt L^-1^) with 11 to 61 g glucose L^-1^ in batch or fed-batch culture at 28°C. Scopularide A was extracted from the mycelia. Error bars are ± sem for n = 4, 2, 5 or 3 independent cultivations with \~10, 20, 40 or 60 g glucose L^-1^, respectively. Where not visible, error bars were smaller than the symbol.](1475-2859-13-89-2){#F2}

Both biomass and scopularide A production increased with increasing glucose provision (Table [1](#T1){ref-type="table"}). Up to 202 ± 58 mg L^-1^ scopularide A were produced in cultures with 61 g L^-1^ glucose (Table [1](#T1){ref-type="table"}), which was 29-fold higher than produced in the static flask cultures of Yu et al. \[[@B8]\]. The volumetric production rate was increased from 0.4 mg L^-1^  h^-1^ with 11 g L^-1^ glucose to 1.2 ± 0.3 mg L^-1^ h^-1^ with 61 g L^-1^ glucose (Figure [2](#F2){ref-type="fig"}).

Surprisingly, specific scopularide A production (mg \[g biomass\]^-1^) also increased with increasing glucose provision (Figure [2](#F2){ref-type="fig"}). Specific scopularide A production increased from 2.4 mg g^-1^ with 10 g glucose L^-1^ to 6.0 ± 1.9 mg g^-1^ with 60 g glucose L^-1^. Thus, even though there was greater variation in the amount of scopularide A produced in replicate cultures at high biomass concentrations than at low, volumetric production was improved more than expected by the 3-fold increase in biomass production.

Maximum specific growth rate (0.25 ± 0.01 h^-1^) was not affected by increasing the glucose concentration, but the yield of biomass on glucose and malt extract decreased, since yeast extract and soy peptone provided carbon as well as nitrogen for growth, but were added at a constant 3 and 5 g L^-1^, respectively, rather than in proportion to the glucose concentration, with additional nitrogen supplied as (NH~4~)~2~SO~4~.

Scopularide A was also produced in chemically defined medium, but at lower concentrations than in the corresponding cultures provided complex medium (Table [1](#T1){ref-type="table"}). The specific growth rate of *S. brevicaulis* LF580 was reduced to 0.17 ± 0.03 h^-1^ in defined medium with glucose as carbon source, and 0.14 h^-1^ with xylose as carbon source, whereas biomass production (Table [1](#T1){ref-type="table"}) and yield of biomass on carbohydrate were similar. *S. brevicaulis* LF580 did not grow on lactose (data not shown). The high biomass (40 g L^-1^ glucose) cultures were harvested after 100 h cultivation, after which time only small increases in scopularide A production had occurred in complex medium. This may have been too early for the slower growing defined medium cultures. However, most of the scopularide A in these cultures (47-50 mg L^-1^) was actually produced within the first 48 h and therefore we did not expect further production.

Similar amounts of scopularide A were produced on glucose or xylose, a less repressive carbon source, in defined medium (Table [1](#T1){ref-type="table"}, \~2.3 mg \[g biomass\]^-1^). Scopularide A was produced in the presence of glucose concentrations up to 51 g L^-1^ in complex medium and its production did not appear to be repressed by glucose. Scopularide A may be considered a secondary metabolite in that it is not part of central metabolic pathways. However, unlike many secondary metabolites \[[@B15]\], scopularide A was produced during growth (Figure [1](#F1){ref-type="fig"}). Indeed, other peptide-derived fungal metabolites such as penicillin and cephalosporin are also produced during growth when carbon sources other than glucose are supplied \[[@B16]\], or when glucose supply is limited.

Alternative nitrogen sources for scopularide A production
---------------------------------------------------------

Yeast extract and soy peptone are relatively expensive sources of nitrogen, but could be replaced with corn steep solids (CSS). Similar amounts of scopularide A (3.6 mg \[g biomass\]^-1^ with 17 g L^-1^ glucose) were produced with CSS as the N-source, as in YMP. Each of these substrates provides short peptides and amino acids which generally support better growth than inorganic nitrogen sources by reducing the need to synthesise amino acids *de novo*. Trace elements, vitamins and some lipids are also provided. However, as sources of amino acids, they may also provide precursors (i.e. phyenylalanine, alanine, leucine, valine and glycine) for the scopularides. Yeast extract and soy peptone contain relatively higher amounts of all precursor amino acids than CSS, with the exception of alanine. The similar production of scopularides in CSS as in YMP suggests that amino acids from these sources were not serving as direct precursors for scopularide A production. More biomass was produced in YMP (15 ± 2 g L^-1^) than in CSS (12 g L^-1^), and thus volumetric scopularide A production was higher in YMP than in CSS (Table [1](#T1){ref-type="table"}), which may indicate that the nitrogen in CSS was less accessible for growth than the peptides in yeast extract and soy peptone. None-the-less, Scopularide A can be produced in medium in which nitrogen is provided as amino acids from various complex sources or as ammonium, as in defined medium.

Conclusions
===========

Scopularide A production has been transferred from a non-agitated to a stirred tank bioreactor environment with approximately 6-fold increase in specific and 29-fold increase in volumetric production. Production of scopularide A in STRs demonstrates that marine fungal compounds can be suitable for scalable production, even with the native production organism, and similar strategies should be applied to enhance production of other recently discovered cyclic peptides which have only been produced in flask culture (e.g. \[[@B17]-[@B20]\]).

Methods
=======

Strain
------

*Scopulariopsis brevicaulis* LF580 was obtained from the culture collection of the Kiel Center for marine natural products at GEOMAR, Helmholtz Centre for Ocean Research Kiel. Stock cultures were maintained as conidia suspended in 20% v/v glycerol, 0.8% w/v NaCl with \~0.025% v/v Tween 20 at -80°C. Spores were generated from cultures growing on agar-solidified YMP medium containing 30 g L^-1^ Sea Salt (Tropic Marin®, Germany).

Media
-----

Yeast Malt Peptone (YMP, containing 3 g yeast extract L^-1^, 3 g malt extract L^-1^ and 5 g soy peptone L^-1^) medium, modified from a yeast medium described by Wickerham \[[@B21]\] was used as the basic growth medium for *S. brevicaulis*. Glucose (10 - 66 g L^-1^) was provided as the primary carbon source. For agar solidified medium, YMP contained 10 g glucose L^-1^ and 15 g agar L^-1^. Yeast extract and soy peptone were replaced with corn steep solids (CSS, 8 g L^-1^) to assess the effect of an alternative peptide source. Media for high cell density cultures were supplemented with (NH~4~)~2~SO~4~ (1 to 9 g L^-1^) in proportion to the additional glucose provided, to ensure that cultures would not become N-limited.

The defined medium of Vogel \[[@B22]\], with 3.3 g L^-1^ (NH~4~)~2~SO~4~ substituted for NH~4~NO~3~ and glucose, xylose or lactose as the carbon source, was used to assess growth and scopularide production in defined medium. Supplementation of defined medium with CSS (5 g L^-1^) was also tested.

The composition of feed for fed-batch cultures is described in Table [2](#T2){ref-type="table"}.

###### 

Composition of the feed and the feeding rates used for fed-batch cultures

   **Reactor**   **Feed composition**                   
  ------------- ---------------------- ---- ---- ------ -----
      Qplus              100            21   30   0.75   2.4
      CT5-2              220            50   30   4.5    5.5
      C10-3              260            39   30    5     4.2

*S. brevicaulis* LF580 was grown in fed-batch cultures in 1 (Qplus), 5 (CT5-2) and 10 (C10-3) L bioreactors.

\*Tropic Marin®.

Media for pre-cultures contained 4 g agar L^-1^ to facilitate filamentous growth. All media also contained 30 g Tropic Marin® Sea Salt L^-1^.

For determination of approximate C/N ratios, malt extract was assumed to contain 63% carbohydrate \[[@B23]\] and 1.1% total N \[[@B24]\], yeast extract to contain 9.8% total N \[[@B24]\], soy peptone 8.7% total N \[[@B24]\] and CSS 7.7% total N (based on information from Cerestar). Peptides (amino acids) were assumed to contain 47% carbon and CSS to also contain 5% carbohydrate (based on information from Cerestar).

Cultural conditions
-------------------

To assess scopularide production in shaken flasks, flasks (20 to 2000 mL, containing 10 to 1000 mL medium) were inoculated with conidial suspensions and incubated at 28°C, 120 rpm, for up to 170 h.

Pre-cultures for bioreactors were grown in 250 to 1000 mL Erlenmeyer flasks containing 20% medium on a volume basis, at 30°C, 200 rpm. Flasks were inoculated with conidial suspensions to give final concentrations of 3.4 × 10^5^ conidia mL^-1^. Pre-cultures were allowed to grow for 48 h (\~19 g biomass L^-1^). Fermenters were inoculated with 10% final volume.

*S. brevicaulis* was grown in 500 mL (Multifors, max working volume 500 mL, Infors HT, Switzerland), 1 L (Biostat Qplus, max working volume 1.0 L, Sartorius AG, Germany), 5 L (Sartorius CT5-2, max working volume 5 L, Germany) and 10 L (Sartorius Biostat C10-3, max working volumes 10 L, Germany) bioreactors. Bioreactors were maintained at 28°C, with 700-800 (Multifors), 500 to 1200 (Biostat Qplus), 400 to 600 (CT5-2), or 400 to 800 (Biostat C10-3) rpm agitation and 0.5 (1-10 L cultures) or 1.7 (0.5 L cultures) volume gas (volume culture)^-1^ min^-1^ (vvm). Agitation in 1 to 10 L bioreactors was adjusted automatically to maintain the dissolved oxygen tension at or above 30%. The oxygen-limited culture was carried out in the Multifors bioreactor with 300 rpm agitation and 0.6 vvm aeration. Culture pH was kept constant at pH 7.0 by the addition of sterile 1 M KOH or 1 M H~3~PO~4~. Polypropylene glycol (1:1 mixture of M~n~ \~1000 and M~n~ \~2000, \[[@B25]\]) was added to control foam production.

Fed-batch cultures which were fed to a final concentration of \~44 g glucose L^-1^ were inoculated as batch cultures with 20 g L^-1^ glucose. Feeding was initiated at approximately 30 h, when glucose concentrations were \< 9 g L^-1^. Fed-batch cultures which were fed to a final concentration of \~61 g glucose L^-1^ were inoculated as batch cultures with 40 g L^-1^ glucose, since no oxygen-limitation had occurred in the 40 g L^-1^ batch cultures. Feeding was initiated at approximately 47 h. Glucose was fed at rates which provided \~0.24 g L^-1^ h^-1^. The feed rate and concentration of glucose and ammonium in the feed (Table [2](#T2){ref-type="table"}) were determined by the volume of the bioreactor and the capacity of the feed pumps associated with each bioreactor.

Samples were removed at intervals and mycelium was separated from the supernatant by centrifugation (3500 rpm 15 min, Eppendorf AG, centrifuge 5810 R, Germany). Mycelia were washed twice in water by centrifugation and freeze-dried (Christ, Freeze Drier, alpha 1-4 LD plus, Germany) to determine the biomass dry weight. Freeze-dried biomass was used for compound extraction.

Maximum specific growth rates were calculated from CO~2~ evolution rates. CO~2~ in the outlet gas was measured continuously in an Omnistar 16 quadrupole mass spectrometer (Balzers AG, Liechtenstein) calibrated with 3% CO~2~ in Ar, a Prima Pro Process mass spectrometer (Thermo Scientific, UK) calibrated with 3% CO~2~ in Ar, 5% CO~2~ with 0.99% Ar and 15% O~2~ in N~2~, 20% O~2~ plus 20% Ar in N~2~, and 0.04% ethanol in N~2~, or with a photoacoustic IR gas analyser (Innova-1313/LumaSense, United States) with air as reference.

Chemical analyses
-----------------

Scopularide A was extracted from mycelia or culture supernatant with ethyl acetate. Freeze-dried mycelia (10-50 mg) were fragmented in the presence of 1.8 mL ethyl acetate and 2 steel balls in a MM301 ball mill (2 × 3 minutes at 20 1/S, Retsch GmbH, Germany). Samples were centrifuged 10 min at 10000 rpm (Eppendorf AG centrifuge 5430) and the ethyl acetate phase transferred to a clean microfuge tube. Alternatively, scopularide A was extracted from 20 mL culture supernatant, from which mycelia had been removed by centrifugation, by vortexing with 20 mL ethyl acetate. Phases were separated by centrifugation (3500 rpm 15 min, Eppendorf AG, centrifuge 5810 R) and the ethyl acetate layer was retained. Ethyl acetate was evaporated under nitrogen and the solids re-dissolved in 200 μL HPLC grade methanol.

Ethyl acetate extracts were analysed by UPLC (ACQUITY UPLC, Waters) using a C18 UPLC column (1.7 μm, 2.1 mm × 100 mm, Waters; solvent isocratic (A) 70% (v/v) acetonitrile, (B) 5% (v/v) formic acid in H~2~O), and detected with a UV detector.

The concentration of D-glucose in culture supernatant was determined by HPLC using a Fast Acid Analysis Column (100 mm × 7.8 mm, BioRad Laboratories, Hercules, CA) linked to an Aminex HPX-87H organic acid analysis column (300 mm × 7.8 mm, 55°C, BioRad Laboratories) with 2.5 mM H~2~SO~4~ as eluant and a flow rate of 0.5 mL min^-1^. Peaks were detected using a Waters 410 differential refractometer. The concentration of ammonium was measured using a Potentiometer, Lab in the bag P (C-CIT.AG, Switzerland).
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